There is a strong need for techniques to assess human muscle protein synthesis by repeated sampling to follow the course of physiological and pathophysiological events affecting protein metabolism. Here protein synthesis in human skeletal muscle was studied by the incorporation of [14C ] leucine into protein in a cell-free system. Healthy male volunteers (n=20) received a 6-h infusion of either saline, adrenaline, or a triple-hormone combination of adrenaline, cortisol, and glucagon after an overnight fast. Percutaneous muscle biopsies were taken before and after the infusion. The in vitro incorporation rate per mg of DNA decreased by 11.2 + 3.6% in the adrenaline group (p <0.05) and by 12.3±3.4% in the triple-hormone group (p<0.01) as compared with the basal preinfusion values. No significant change was seen in the control group. The technique presented offers several advantages and the use of it is advocated in combination with other methods to cover several aspects of muscle protein biosynthesis.
protein metabolism on the tissue level by repeated measurements to follow the course of the disease and of therapeutic interventions.
Skeletal muscle is the largest tissue in the human body and it is readily accessible for percutaneous biopsy sampling. Several different measurements have been used to examine protein metabolism in human muscle: intracellular concentrations of free amino acids [1] , amino acid flux balances across peripheral tissues [2] , incorporation of isotope-labelled amino acids into protein in vivo during a constant infusion [3] or after a flooding dose of the label [4] , incorporation of isotope-labelled amino acids into protein in vitro [5] , and the concentration and size distribution of ribosomes [6] . All of these techniques have shortcomings and some of them demand time-consuming, skilled laboratory work and costly laboratory equipment.
Here we transfer a simple technique, which measures the incorporation of isotope-labelled amino acids into protein in a cell-free system, to human muscle tissue. The method has recently been applied to several different animal tissue [7] [8] [9] [10] . Healthy volunteers were infused for 6 h with adrenaline or a triple-hormone combination of adrenaline, cortisol, and glucagon. The incorporation of radioactive amino acids into protein in muscle homogenates was compared with the concentration and size distribution of ribosomes [11] . The results confirm that cell-free systems have the capacity to represent in vivo conditions in man. . After overnight fasting they received a 6-h intravenous infusion of either saline (n = 7), adrenaline (ACO Lakemedel AB, Solna, Sweden) at 0.5 nmol/kg body weight (bw)/min (n = 5), or a triple-hormone combination (n = 8) of adrenaline (0.5 nmol/kg bw/min), cortisol (SolucortefR, Upjohn, Puurs, Belgium; 6.0 1u g/kg bw/min), and glucagon (Eli Lilly & Co., Indianapolis, IN; 3.0 ng/kg bw/min). No drugs or alcohol were allowed for 4 days before the study. On these days the physiological activity and the food intake were in conformity with the usual habits of the volunteers. The experiments started at 7:00 a.m. when the subjects had been without food for at least 10 h. They continued to fast throughout the experimental procedure. The hormone infusion was given through a catheter in a peripheral vein. To prevent glucagon from adhering to the walls of the infusion container and the infusion aggregate, we added 2 ml of 20% albumin (Kabi Vitrum, Stockholm) to the container. And for protection of the adrenaline from oxidation, 1 ml of a citrate buffer (Pharmaceutical Unit, South Hospital, Stockholm) was added and the container was protected from light. The nature and purpose of the experiments and the risks involved in the experimental procedure were explained to the subjects before obtaining their voluntary consent. The research protocol was approved by the Ethical Committee of the Karolinska Percutaneous muscle biopsy specimens were taken from the lateral portion of the quadriceps femoris muscle by use of a Bergstrom needle [ 12] . They were taken 15-20 cm above the knee after local anesthetization of the skin. From the biopsy material two specimens of approximately 60 mg each were dissected carefully to remove visible fat and connective tissue. The specimens were weighed 4 times in 36 s on an automatic electrobalance (Cahn 29, Cahn Instruments, Cerritos, CA). The weight was extrapolated to time zero. The muscle samples were frozen in liquid nitrogen within 3 min and stored at -80°C for not more than 4 weeks before analysis. The incorporation of ['4C]leucine into muscle protein in a cell-free system was determined as described below. Another aliquot of the muscle biopsy material was used to determine the concentration and size distribution of ribosomes by a method reported elsewhere [6, 11] .
Incorporation of [14 C ] leucine into proteins. All preparations were carried out at 4°C.
Preparation of the rat liver cell sap. The liver of a 100-g rat was minced and homogenized in 2 volumes of ice-cold medium A (sucrose, 0.25 M; Tris HC1 buffer [pH 7.8], 0.1 M; KC1, 0.25 M; MgSO4, 5 mM). The homogenate was centrifuged for 10 min at 14,000 X g; and the resulting supernatant, at 105,000 X g for 90 min. The cell sap (supernatant fraction) was divided into aliquots and kept at -80°C until used.
Preparation of muscle homogenate. Each muscle biopsy specimen (40-60 mg) was placed in a glass-Teflon homogenizer in 0.7 ml of rat liver cell sap, 0.2 ml of medium A, 0.11 ml of 10% Nonidet, and 10 units of human placental RNase inhibitor (Amersham International, Bucks, UK). The specimen was homogenized for 45 s at 450 r.p.m. with 10 strokes up and down. The homogenate was centrifuged at 1,500x g for 10 min, and the supernatant fraction was pipetted off and the pellet saved for DNA determination [13] .
Protein synthesis in a cell free system. The 1,500>< g supernatant of the muscle homogenate (0.75 ml) was applied to a Sephadex G-25 column (1.5 X 3.5 cm) previously equilibrated with medium B (0.25 M sucrose, 0.035 M Tris-HC1 buffer [pH 7.8], 0.1 M KC1, 5 mM MgSO4). The supernatant fraction was eluted by fractionation into 0.75-ml portions. The protein concentration was determined before and after column chromatography from the absorbance at 280 nm. The fraction with the highest absorbance was used for the determination of protein synthesis. The incubation mixture contained the Sephadex-treated supernatant (50 or 100 ,u 1) corresponding to approximately 2.5 or 5.0 mg wet weight of muscle, 20 mM phosphocreatine, 0.80 units creatine phosphokinase (EC 2.7.3.2), 1 mM ATP, 0.1 mM GTP, a mixture of amino acids excluding the radioactive one at a total concentration of 0.1 mM, and 0.0025 mM L [ 14C ] leucine (0.1 ,u Ci). The final volume was adjusted to 130 u 1 with medium B. Each supernatant concentration was incubated in duplicate. After incubation at 35°C for 20 min, 1001u 1 was transferred to filter-paper disks. These were exposed to ice-cold 10% trichloroacetic acid for 10 J. WERNERMAN et al. Statistics All values are given as means ± SEM. Student's t-test for paired samples was used for comparisons within the groups and that for unpaired samples to compare the differences between the paired samples of different groups [14] .
RESULTS
Muscle biopsies were performed before and after a 6-h intravenous infusion of saline or stress hormones into healthy volunteers. Three groups were studied which received saline only (controls), adrenaline, or a triple-hormone combination of adrenaline, cortisol, and glucagon. The incorporation of [14C]leucine into protein was assessed in the postmitochondrial, gel-filtrated fraction free from low molecular weight components. The results were calculated per mg of DNA. In the control group no significant change in the rate of incorporation was seen after the 6-h intravenous infusion as compared with the initial preinfusion value (Fig. 1) . Following the adrenaline infusion a decrease of 11.2±3.6% in the in vitro rate of incorporation of [14C]leucine into protein was noted compared with the original level before the infusion (p<0.05). The triple-hormone infusion diminished the incorporation rate by 12.3±3.4% after 6 h compared with the initial preinfusion level (p<0.01).
The rate of incorporation of ['4C] leucine into protein was related to the ribosome content by multiplying the incorporation rate per mg of DNA by the total ribosome concentration or by the polyribosome concentration, both expressed as OD units per mg of DNA (Table 1) . No significant changes were observed in the incorporation of ['4C]leucine into protein in the postmitochondrial fraction in any of the groups after the 6-h infusion period when the results were expressed in relation to the total ribosome or the polyribosome content. Following infusion of the stress hormones a decrease in the ribosome concentration per mg of DNA was noted, which was significant in the case of the triple-hormone infusion (Table 1) . Likewise, the polyribosome concentration per mg of DNA decreased. Significant differences from the preinfusion conditions were observed after infusion of adrenaline or the triple-hormone combination. et al.
DISCUSSION
Muscle protein synthesis assessed by the in vitro incorporation of ['4C]leucine into protein in a cell-free system decreased when the subjects were exposed to a high physiological level of stress hormones for 6 h. This effect was observed in the adrenaline group and in the triple-hormone group, but not among the control subjects. The results compared well with the changes in the concentration and size distribution of ribosomes [ 11 ] . The concentration of total ribosomes and that of the polyribosomes per mg of DNA decreased following infusion of adrenaline or the triple-hormone combination, and the relative proportion of polyribosomes dropped following the triple-hormone combination. The in vitro incorporation rate per ribosome or per polyribosome showed no significant change in any group. This is in conformity with the notion that the total ribosome concentration is a measure of the available apparatus for protein synthesis and that the relative abundance of polyribosomes reflects the present use of this apparatus [ 15 ] . The in vitro incorporation of amino acids into protein in a cell-free system reflects the in vivo initiated elongation of polypeptide chains [16] .
No statistically significant correlation was detected between the change in the in vitro incorporation and that in the relative proportion of polyribosomes (r = -0 .29; not significant) or the concentration of polyribosomes per mg of DNA (r= 0.17; not significant). These results suggest that regardless of hormone treatment, the specific translation activity per polyribosome remained constant. The hormones affected the ribosomes by causing a degradation and thus a decrease in the total population, including the polyribosomes as part of it. The question of the yield of ribosomes and the loss of activity during the isolation procedure arises [17] . The harvest of RNA out of the total cytoplasmic RNA content of the isolated ribosome fraction is 85% when 50-70 mg human skeletal muscle specimens obtained under basal conditions by the percutaneous needle biopsy technique are analyzed [18] . The reproducibility is excellent when several biopsies are obtained from the same subject through different skin incisions from the lateral portion of the quadriceps femoris muscle on both legs [19] , provided that the analyses are executed within the same series. In our study the coefficient of variation for the total concentration of ribosomes per mg of DNA was 5.6% and for the proportion of polyribosomes, 6.4%. The conditions of the initial centrifugation of the muscle homogenate were identical to those used for the isolation of ribosomes [6] . Thereafter gel-filtration was applied to remove components of low molecular weight. In neither of these steps was the loss of ribosome particles or ribosome activity likely to be larger than that noted in the procedure for ribosome isolation. The standard deviation expressed in relative terms was less than 10% (Fig. 1) , which is of the same magnitude as for ribosome analysis [19] or for the incorporation of labelled amino acids into human muscle protein in vitro [5] and in vivo [3, 4, 20] . The least scatter is achieved when samples are analyzed in one series, HUMAN   MUSCLE  PROTEIN  SYNTHESIS  IN A CELL-FREE  SYSTEM   7 and this can be easily arranged when laboratory animals or healthy volunteers are used. However, clinical studies with patients cannot be tailored in this manner, and even at -80C, the storage time of muscle tissue is limited [21] .
In the experiments described it was essential to minimize any RNase activities by the addition of inhibitors [22] . RNase, when active, will primarily attack mRNA; and as a result polyribosomes are degraded to monoribosomes. RNase might also differ in activity between muscle preparations and hormone treatments. Changes in the level of protein synthesis might then be the result of RNase activity rather than of the capacity for protein synthesis. To minimize this activity, we added placental RNase inhibitor and rat liver cell sap during homogenization of the muscle tissue. Rat liver cell sap contains an inherent RNase inhibitor [23] . Rat liver cell sap along with the placental RNase inhibitor were a suitable combination to minimize effectively the RNase activity.
Rat liver cell sap was prepared by centrifugation of the 14,000 X g supernatant of the liver homogenate for 90 min at 105,000 X g. Cell sap prepared in this manner is free from 80 S ribosomes and ribosomal subunits. This was confirmed in 2 ways. Cell sap with all components required for protein synthesis in a cell-free system except the muscle homogenate gave negligible radioactivity above the background. This value was subtracted as a blank. Calculations of the sedimentation rate in an angle rotor showed that monoribosomes and ribosomal subunits were recovered as a pellet after 90 min at 105,000 x g [24, 25] .
Human muscle protein synthesis in a cell-free system showed low activity. In rat muscle the incorporation rate is high enough to give an activity above the background level, which permits differences in activity of 10-15% to be detected [8] . Employing a similar procedure with human material, the threshold of detectable differences was raised to 30-50% with similar sizes of biopsy specimens. Hence, rat liver cell sap was added to the human muscle homogenate to pace up the system [22] .
Refeeding of rats after starvation causes an increase in muscle protein synthesis as studied by the incorporation of ['4C]leucine into protein in a cell-free system or by incorporation of ['4C]phenylalanine into protein in incubated muscle tissue [8] . Under these conditions the concentration of total ribosomes is unchanged, while the relative proportion of polyribosomes increases. However, it remains an open question whether or not the content of ribonucleoprotein and that of ribosomal RNA change in parallel. If so, this would imply that the relative proportion of proteins and ribonucleic acid in the ribosome particles is unaltered. Alternatively a decline in the optical density at 260 nm may be caused by a loss of ribosomal proteins only leaving the tissue RNA content may be unaffected [26] .
Infusion of stress hormones to simulate a posttraumatic state causes immediate and distinct changes in carbohydrate [27] and amino acid [28] metabolism. The total ribosome concentration diminishes when adrenaline, or cortisol, or a triplehormone combination is given for 6 h [11] . We found that the relative abundance of polyribosomes decreased significantly in response to the triple-hormone combi-nation, suggesting a shortened half-life of the ribosomes in response to the hormones. Adrenaline evokes a dose-dependent, differentiated metabolic response [29] . In perfused rat hearts catecholamines stimulate protein synthesis as reflected by incorporation of labelled amino acids into proteins as well as by ribosome profiles [30] . At the same time glycogen stores and ATP levels fall and the concentrations of lactate and creatine phosphate rise. Here adrenaline in a comparatively higher dose exerted the opposite effect on protein synthesis in skeletal muscle of human subjects by causing a decrease in activity per mg of DNA.
The regulation of protein synthesis in vivo is still not fully understood and this calls for caution in the interpretation of results concerning protein synthesis. For investigation of dynamic physiological or pathophysiological states, parallel employment of several techniques to assess the level of protein synthesis is recommended. Incorporation of labelled amino acids into protein in a cell-free system has proved to be a useful technique, as it allows repeated measurements and does not interfere with other techniques. We therefore propose it to be a useful tool in studies involving human subjects, in addition to other available techniques such as ribosome analysis, free amino acid measurements in tissues, specific messenger-RNA determination, amino acid flux assessment, and in vivo incorporation into protein of amino acids labelled with stable isotopes. 
